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Abstract. – Angle dependent magnetoresistance (ADMR) and giant Nernst effect are hall-
marks of unconventional density waves (UDW). Here these transport properties for d-wave
density wave (d-DW) are computed for quasi-two-dimensional systems. The present theory de-
scribes ADMR observed in the pseudogap phase of Y0.68Pr0.32Ba2Cu3O7 and CeCoIn5 single
crystals very satisfactorily.
Introduction. – As is well known, many electronic systems like high Tc cuprates, heavy
fermion systems and organic conductors exhibit the pseudogap phenomenon or so-called non-
Fermi liquid behaviour [1]. Further, several people proposed that the pseudogap phase in the
underdoped region of high Tc cuprates is d-wave density wave [2–4]. We have shown recently
that the giant Nernst effect seen in the pseudogap region of LSCO, YBCO and Bi2212 [5–8] can
be interpreted in terms of d-wave density wave (d-DW) [9]. Also the Pauli limiting behaviour
of d-DW in the c-axis resistance [10, 11] indicates that it is d-wave charge density wave and
not d-wave spin density wave [12].
Also there are many parallels between organic superconductor κ-(ET)2 salts [13], heavy
fermion superconductor CeCoIn5 and high Tc cuprate superconductors. In particular the
quasi-two-dimensional Fermi surface, the layered structure, d-wave superconductivity [14, 15]
and the presence of pseudogap are noteworthy. Very recently d-DW in the pseudogap phase
of CeCoIn5 was established through the giant Nernst effect [16, 17] and the angle dependent
magnetoresistance [18].
As noted by Nersesyan et al. [19,20], the quasiparticle spectrum in unconventional density
wave is quantized in a magnetic field. This Landau quantization gives rise to the spectacular
angle dependent magnetoresistance (ADMR) and giant Nernst effect as reviewed in Ref. [21].
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These are exploited to identify the presence of UDW in α-(ET)2 KHg(SCN)4 [22], and Bech-
gaard salts (TMTSF)2X with X=PF6 and ReO4 [23, 24].
In spite of these successes earlier works are limited to quasi-one-dimensional systems. In
this paper we shall first consider the Landau quantization of d-wave density waves. Then the
ADMR data on Y0.68Pr0.32Ba2Cu3O7 [25] and in CeCoIn5 are reanalyzed. Y0.68Pr0.32Ba2Cu3O7
becomes superconducting at 55 K, above it pseudogap behaviour is seen. Also the gap struc-
ture of d-DW on the quasi-two-dimensional Fermi surface can be fully exploited in CeCoIn5.
Landau quantization in d-DW. – The quasiparticle energies in a d-wave density wave are
determined from the poles of the Nambu Green’s function [26]:
G−1(ω,k) = ω − ξ(k)ρ3 − η(k) −∆(k)ρ1, (1)
where ρi’s are the Pauli’s matrices operating on the spinor space. These energies are assumed
to describe the system in the pseudogap regime, above 55 K in Y0.68Pr0.32Ba2Cu3O7, although
similar Green’s function can be obtained in the superconducting region. The basic difference
between the two stems from the fact that the spinor space in superconductors consists of
(ck,σ, c
+
−k,−σ) while in DW (ck,σ, ck−Q,σ). For a d-wave density wave, we can further assume
∆(k) = ∆cos(2φ) or ∆ sin(2φ) with tan(φ) = ky/kx,
ε(k) = −2t(cos(akx) + cos(aky))− µ, (2)
η(k) =
ε(k) + ε(k−Q)
2
= −µ, (3)
ξ(k) =
ε(k) − ε(k−Q)
2
, (4)
µ the chemical potential, which acts as imperfect nesting, Q is the best nesting vector. Since
we are only interested in the low energy excitation around the nodes of gap, we can use a
linearized version of the spectrum valid around these points as ξ(k) = v(k− k‖) +
v′
c
cos(ckz)
with v and v′ the in-plane and c-axis Fermi velocities. Here dispersion perpendicular to the
plane was also taken into account. In the presence of magnetic field B within the x’-z plane,
where x′ = xˆ cosφ + yˆ sin(φ) and tilted by θ from the z axis, the effect of magnetic field is
introduced in eq. (1) through the Peierls-Onsager substitution k = k+ eA and
A = B(y cos(φ) − x sin(φ)(zˆ sin(θ) − (xˆ cos(φ) + yˆ sin(φ)) cos(θ)). (5)
Then the quasiparticle spectrum is determined by
EΨ =
{[
−veB cos(θ)(cos(φ)y − sin(φ)x) +
v′
c
cos (ceB sin(θ)(cos(φ)y − sin(φ)x) + χ)
]
ρ3−
− µ− iv2ρ1∂y}Ψ, (6)
where v2/v = ∆/EF and we assume here ∆(k) = ∆ sin(2φ) or dxy-wave DW for simplic-
ity. Further for CeCoIn5 we have c
2eH ∼ 10−2 for H=1 T. Then cos(ceB sin(θ)(cos(φ)y −
sin(φ)x) +χ) ≃ ±ceB sin(θ)(cos(φ)y− sin(φ)x) for χ = ±pi/2. Then the solution is easily ob-
tained following Weisskopf [27,28]. These are four branches of the quasiparticles; two branches
around the Dirac cone [1,0,0] and others at [0,1,0] with
E±1n = ±
√
2neBv2|v cos(θ) cos(φ)− v′ sin(θ)|| cos(φ)| − µ (7)
E±2n = ±
√
2neBv2|v cos(θ) cos(φ) + v′ sin(θ)|| cos(φ)| − µ (8)
E±3n = ±
√
2neBv2|v cos(θ) sin(φ)− v′ sin(θ)|| sin(φ)| − µ (9)
E±4n = ±
√
2neBv2|v cos(θ) sin(φ) + v′ sin(θ)|| sin(φ)| − µ. (10)
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Here n = 0, 1, 2. . . . Except for the n = 0 Landau level, each Landau level is double
degenerated. Also the corresponding Landau wavefunctions are readily constructed as in
Ref. [21]. In particular
Ψ0 ∼ exp
[
−
1
2
eB
v
v2
∣∣∣∣cos(θ) ± g sin(θ)cos(φ)
∣∣∣∣ (y cos(φ)− x sin(φ))2
]
(11)
from the Dirac cone at [1,0,0] and
Ψ0 ∼ exp
[
−
1
2
eB
v
v2
∣∣∣∣cos(θ)± g sin(θ)sin(φ)
∣∣∣∣ (y cos(φ) − x sin(φ))2
]
(12)
from the one at [0,1,0].
From these Landau levels, the thermodynamics as well as the magnetotransport properties
are readily deduced.
Angular dependent magnetoresistance. – We shall limit ourselves to two limiting cases:
A. σxx in a magnetic field in the z-y plane.
Here we take the angle B makes from the c-axis is θ. Then the quasiparticle spectra are given
by eqs. 7-10 with φ = pi/2. So E±1n and E
±
2n reduces to −µ, the same as the n = 0 Landau
levels, while E±13n and E
±
4n are given by
E±3n = ±
√
2neBv2|v cos(θ)− v′ sin(θ)| − µ (13)
E±4n = ±
√
2neBv2|v cos(θ) + v′ sin(θ)| − µ. (14)
Then the electric conductivity is given by
σ(B, θ) =
∑
n
σnsech
2
(
1
2
βEn
)
, (15)
where En’s are the energy of all the Landau levels. The above equation can be obtained by
following the reasoning of ref. [29]. This expression is somewhat different from the one we
proposed earlier [21], but we think more appropriate when µ 6= 0. When β|E31| ≫ 1 and
β|E41| ≫ 1, only the lowest levels contribute significantly, and eq. 15 is simplified as
σ(B, θ) = 6σ0sech
2
(
1
2
ζ0
)
+ 2σ1
(
sech2
(
1
2
(x1 − ζ0)
)
+ sech2
(
1
2
(x2 − ζ0)
)
+
sech2
(
1
2
(x1 + ζ0)
)
+ sech2
(
1
2
(x2 + ζ0)
))
= 48σ0 (1 + cosh(ζ0))
−1
+
+8σ1
[
1 + cosh(x1) cosh(ζ0)
(cosh(x1) + cosh(ζ0))2
+
1 + cosh(x2) cosh(ζ0)
(cosh(x2) + cosh(ζ0))2
]
, (16)
where ζ0 = βµ, x1 = β
√
2eBv2|v cos(θ)− v′ sin(θ)| and x2 = β
√
2eBv2|v cos(θ) + v′ sin(θ)|.
In figs. 1-5, we show the in-plane and out of plane angle dependent magnetoresistance data
from Y0.68Pr0.32Ba2Cu3O7 by Sandu et al. [25] together with our fitting based on eq. 16. At
52 K, the applied magnetic field (14 T) can be strong enough to destroy superconductivity
and drive the systems into the pseudogap regime, while at 105 K the presence of pseudogap
is still felt.
In high Tc cuprates, v
′/v ≪ 1, so we have assumed x1 = x2. From the fittings, using the
universal Fermi velocity [30] v = 2.3× 107 cm/s, we obtain v2 = 1.6× 10
6 cm/s and µ = 40−
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Fig. 1 – The relative change of the in-plane magnetoresistance of Y0.68Pr0.32Ba2Cu3O7 [25] is plotted
as a function of angle θ at H=14 T for T=52 K. The solid line is fit based on eq. 16.
Fig. 2 – The relative change of the in-plane magnetoresistance of Y0.68Pr0.32Ba2Cu3O7 [25] is plotted
as a function of angle θ at H=14 T for 60 K (circles), 65 K (pentagrams) together with our fit based
on eq. 16.
60 K. Since EF ∼ 5000 K in high Tc cuprate we extract ∆ = 360 K for Y0.68Pr0.32Ba2Cu3O7
from v2/v = ∆/EF . This value is consistent with a recent c-axis optical conductivity data
on underdoped YBCO [31]. Here ∆ is the maximal gap of d-DW in the non-Fermi liquid
or pseudogap phase of Y0.68Pr0.32Ba2Cu3O7. The small deviations of the theory from the
experimental results around θ = 90◦ originates from the collapse of all the Landau levels in
the v′/v ≪ 1 limit, as seen from eqs. 13 and 14.
B. ADMR in a magnetic field in the x-y plane.
For a d-DW it is of crucial importance to see if dxy-wave density wave or dx2−y2-wave density
waves are realized. For the d-DW in the pseudogap phase in high Tc cuprates the angle
resolved photoemission spectra (ARPES) [32] tells it is dx2−y2-wave in high Tc cuprates. On
the other hand dxy-wave appears to be more consistent with CeCoIn5, as suggested by Aoki
et al. [33]. σzz(B, φ) in a rotating field within the a-b plane is given by
σzz(B, φ) = 16σ0 (1 + cosh(ζ0))
−1
+ 8σ1
[
1 + cosh(x1) cosh(ζ0)
(cosh(x1) + cosh(ζ0))2
+
1 + cosh(x2) cosh(ζ0)
(cosh(x2) + cosh(ζ0))2
]
,
(17)
where x1 = β
√
2eBv2v′| sin(φ)| and x1 = β
√
2eBv2v′| cos(φ)| In fig. 6 the φ dependence of
eq. 17 is shown for parameters typical for CeCoIn5 [18]. Here we assumed dxy-wave DW.
For dx2−y2 -wave DW, the same expression applies if we shift φ to φ + pi/4. By varying
the parameters, the small dip at 90◦ can be sharpened, and the broad bump at 45◦ can be
weakened, but these two features always remain present.
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Fig. 3 – The relative change of the in-plane magnetoresistance of Y0.68Pr0.32Ba2Cu3O7 [25] is plotted
as a function of angle θ at H=14 T for T=75 K. The solid line is fit based on eq. 16.
Fig. 4 – The relative change of the in-plane magnetoresistance of Y0.68Pr0.32Ba2Cu3O7 [25] is plotted
as a function of angle θ at H=14 T for 105 K together with our fit based on eq. 16.
0 20 40 60 80 100 120 140 160 180
−0.025
−0.02
−0.015
−0.01
−0.005
0
PSfrag replacements
θ◦
∆
ρ
c
/
ρ
c
,
T
=
6
0
K
,
T
=
6
5
K
Fig. 5 – The relative change of the c-axis magnetoresistance of Y0.68Pr0.32Ba2Cu3O7 [25] is shown as
a function of angle θ at H=14 T for 60 K (circles) and 65 K (pentagrams). The solid line represents
our fit based on eq. 16.
Conclusion. – We have extended the early analysis of the Landau quantization [19, 20]
to d-wave density wave. Then the quasiparticle spectrum in a magnetic field describes the
ADMR in Y0.68Pr0.32Ba2Cu3O7 [25] and in CeCoIn5 [18] very well. Though the present
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analysis suggests dxy-wave density wave in CeCoIn5, it is possible to discriminate dx2−y2-
wave and dxy-wave DW through the ADMR where the magnetic field is rotated within the
a-b plane. Also the present results will be used for further exploration of d-wave DW in
CeCu2Si2, URu2Si2, κ-(ET)2 salts and many other compounds.
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